T reg cells play crucial roles in maintaining immune homeostasis 1-3 and many molecular mechanisms contribute to the ability of these cells to interfere with damaging anti-self responses 4, 5 . To explore how T reg cells are organized in secondary lymphoid tissues under homeostatic conditions 6 , we used a new method for high-resolution, multiplex examination of tissue sections termed 'histo-cytometry' [7][8][9] . This technique permits quantitative, spatially resolved phenotyping of cells in tissue sections akin to analysis by flow cytometry, while also permitting measurement of activation state using anti-phosphopeptide reagents, and functional state using anti-cytokine antibodies.
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pSTAT5
+ T reg cells exist as discrete clusters
We took advantage of observations showing that interleukin-2 (IL-2) is indispensable for maintaining T reg function in vivo [10] [11] [12] by searching for phosphorylated STAT5 (pSTAT5)-positive T cells in sections from mouse lymph nodes. In the steady state, we could detect pSTAT5 signals using flow cytometry primarily in a fraction of FOXP3 + T reg cells (Extended Data Fig. 1a) , as reported 13 . The pSTAT5 signals in T reg cells were stringently dependent on IL-2, as they were eliminated after treatment with an IL-2-blocking antibody (Extended Data Fig. 1a , b) and in IL-2-but not IL-15-knockout mice (Extended Data Fig. 1c ). Using FOXP3-eGFP reporter mice 14 , we observed GFP + T reg cells distributed evenly in the T cell zone, whereas the pSTAT5 + T reg subset was primarily localized to a few discrete aggregates in the outer paracortical T cell region (Fig. 1a) . Three-dimensional analysis of 350-μ m tissue sections clearly showed that a variable number of pSTAT5 + T reg cells formed a small group with tightly associated cells in the centre, which we term a cluster (Supplementary Video 1); this contrasted with the scattered pSTAT5 + T reg cells described previously in spleen 13 . To quantify the imaging data, pSTAT5
+ T reg cells were selectively visualized (Fig. 1b , left) with coordinates corresponding to their positions in the tissue (Fig. 1b, middle) . The data were further transformed into a contour plot based on cell densities (Fig. 1b, right) . pSTAT5 + T reg clusters were then identified and the centre of each cluster determined. In addition to the uneven distribution of pSTAT5 + T reg cells, their pSTAT5 signal intensity was heterogeneous. T reg cells less than 100 μ m from the cluster centre showed significantly higher pSTAT5 intensity than did cells beyond that distance (Fig. 1c) . This strongly suggested that the source of IL-2 driving pSTAT5 generation was in the cluster centre, and indeed, we detected individual IL-2 producing cells surrounded by pSTAT5 + T reg cells (Fig. 1d ) in many, but not all, such clusters. Among all the IL-2 producing cells we detected in situ, 75% were associated with T reg clusters (Extended Data Fig. 2) ; this is probably an underestimate given the sensitivity limitations of the imaging method and the temporal asynchrony of the responses. These in vivo data on the limited distance of strong pSTAT5 signals with respect to the cytokine producer cell agree with recent mathematical models of IL-2 signal spread in tissues 15 .
To identify the cells making IL-2 in the steady state we crossed Rag1 −/− Il2 GFP/GFP knock-in mice 16 with wild-type mice to generate Il2
WT/GFP heterozygous mice, in which GFP expression from one allele allows for detection of IL-2 transcription, whereas the other cytokine-producing allele can protect the host from autoimmunity. The frequency of IL-2 producing cells in lymphoid tissues was extremely low (Extended Data Fig. 3a) . Almost all the GFP + cells expressed CD3 but were negative for CD1d-tetramer staining, indicating they were not natural killer T cells. More than 80% of GFP +
CD3
+ cells also expressed CD4, while fewer than 10% were CD8-positive (Extended Data Fig. 3b ). These data indicate that CD4 + T cells are the major cell type producing IL-2 in the steady state, as reported [17] [18] [19] . T cells make IL-2 when the T cell receptor (TCR) stimulus reaches a certain threshold in the presence of co-stimulatory signals 20 . Previous reports of CD4 + T cell production of IL-2 in the steady-state 17-19 did not examine whether the stimulus came from commensal organisms, the largest source of non-self-antigens presented by activated dendritic cells, or involved self-antigens presented by cells with adequate TCR ligand density and co-stimulatory properties even in the absence of + T reg clusters in the lymphoid tissues of conventional specific-pathogen-free (SPF) versus germ-free animals. Remarkably, the lymphoid tissues of germ-free mice showed as many (and in the spleen, more) pSTAT5 + T reg cells as compared to conventional animals ( Fig. 1e) . These clusters in germ-free animals were also similar in location and size to those of conventional SPF mice (Fig. 1f) . This was true in skin-draining lymph nodes that would not be expected to be readily accessed by food-derived antigens, strongly suggesting that effector T cell activation for IL-2 production is driven by self-antigens. These latter findings indicate that even in the presence of functional T reg cells and absence of overt autoimmunity or discrete microbial stimuli, a small fraction of T cells can still be sufficiently activated by selfantigens to become IL-2-secreting proto-effector T cells. Such activation probably requires active suppression by T reg cells to prevent tissue-damaging responses, consistent with the evidence that T reg depletion in germ-free animals results in a severe lymphoproliferative disease and immune-mediated inflammation 21 .
Identification of dendritic cells involved in T reg clustering
Based on prior observations using intravital two-photon microscopy showing migration arrest of T cells upon TCR engagement 22, 23 , the tight clustering of T reg and effector T cells suggested that they were interacting with antigen-presenting cells, presumably dendritic cells, via self-ligand engagement by their TCR or following recent TCRinduced integrin affinity upregulation 24 . Indeed, CD11c + MHC class II (MHC-II)
+ dendritic cells could be directly observed in tight association with most T reg clusters (Fig. 2a) . Given that the majority of T reg clusters were localized in the outer T cell zone paracortex and interfollicular regions (Fig. 1a) , our previous demonstration of differential dendritic cell subset positioning in steady-state lymph nodes 7 suggested that specific dendritic cell populations might be preferentially involved in cluster formation. Histo-cytometry showed that T reg clusters were predominantly localized in lymph node regions densely populated with CD11c low MHC-II high migratory dendritic cells (Extended Data Fig. 4a upper row, Fig. 2b ). Quantitative analysis (Extended Data Fig. 4b ) revealed a statistically significant preferential association of T reg clusters with migratory dendritic cells (Fig. 2c) . Higher MHC-II and CD80/86 expression on such migratory cells is also likely to correlate with greater functional self-antigen presentation to T cells, thus making these dendritic cells excellent candidates for driving proto-effector activation. In accord with this notion, histo-cytometry indicated that there was a higher percentage of CD86 high dendritic cells within T reg clusters than among dendritic cells not associated with such clusters (Extended Data Fig. 5 ). More detailed analysis showed that T reg cells were able to cluster with various dendritic cell subsets, with a preference for CD11b
+ migratory dendritic cells ( Fig. 2d and Extended Data Fig. 4b ). Together, these data show that in the steady state, selfreactive effector T cells co-aggregate with T reg cells around a subpopulation of mainly migratory dendritic cells presenting self-antigens.
Suppressive phenotype of clustered T reg cells
The known role of T reg cells in maintenance of immune homeostasis under steady-state conditions implies that there should be continuous successful suppression of the co-localized activated T cells to prevent an uncontrolled autoimmune response. T reg suppression of effector T cell responses has been reported to involve diverse molecular . Histo-cytometry revealed that the majority of CD73 high T reg cells localized along the T-B border (Fig. 3a, b) , an area also enriched for pSTAT5 + T reg clusters and MHC-II high dendritic cells. Furthermore, CD73 expression level on T reg cells was negatively associated with their distance to the centre of cluster (Extended Data Fig. 6a, b ) and clustered T reg cells showed the highest levels of CD73 amongst all lymph node T reg cells (Fig. 3e, f) . CTLA4 expression showed a similar distribution pattern (Extended Data Fig. 6c, d and Fig. 3c, d, g, h) . Thus, the highest expression of inhibitory molecules is on T reg cells within the clusters, consistent with these cells being the most adept at constraining effector T cell responses. − T reg clusters (n = 6, 6 lymph nodes total from 6 mice, mean ± s.e.m., pooled from two experiments). *P < 0.05, * * *P < 0.001, as calculated by two-tailed Student's t-test (c) or one-way ANOVA with Tukey's post hoc test (d). 
Role of T reg TCR in clustering and suppression
The tight conjugation of T reg cells to dendritic cells in the clusters implied that they were actively recognizing or had very recently recognized TCR ligands. Depriving mature T reg cells of TCR expression results in rampant autoimmunity within a few weeks without gross diminution in the overall T reg number, indicating that post-thymic T reg cells need TCR expression to mediate their suppressive function 30, 31 . Together, these data indicate that TCR engagement might contribute to effective T reg activity by participating in the co-localization of T reg cells with proto-effectors associated with stimulatory dendritic cells, as well as also possibly signalling the T reg to adopt a more suppressive state. To investigate this possibility, Trac fl mice were crossed with Foxp3 eGFP-cre-ERT2 mice after tamoxifen treatment (Fig. 4a) but they remained in the T zone with unchanged overall density (Fig. 4b, c) . However, the loss of TCR expression led to a striking difference in T reg spatial distribution of Trac (Fig. 4b, d) . Furthermore, T reg cells became a substantially smaller fraction of the cells in pSTAT5 + clusters (Fig. 4b, e) . The latter change was not accompanied by an overall loss of pSTAT5 + T reg cells in the lymph nodes (Fig. 4f) Fig. 7) . The bulk population showed a small but significant change in mean CD73 (Extended Data Fig. 7a, b left) or CTLA4 (Extended Data Fig. 7c, d left) expression, and the highest-expressing cells among T reg cells were diminished substantially in the TCR-deleted animals. Furthermore, the high-expressing cells lost in the absence of T reg TCR engagement were those found preferentially in peripheral clusters in wild-type animals (Extended Data Fig. 7b , right and Extended Data Fig. 7d, right) . These data on the selective reduction in T reg cells with the greatest capacity for suppression are consistent with the loss of T reg control of effector function in the tamoxifen-treated fl/fl mice 30, 31 .
IL-2 feedback regulates T reg -mediated suppression
In addition to depriving effector T cells of access to their own IL-2, which is important for effector T cell differentiation 32 , the advantage T reg cells have over conventional T cells 33 in the capture of IL-2 might play an important role in enhancing local T reg suppressive function. To test this hypothesis, we first blocked IL-2 in the steady state in Il2 WT/GFP heterozygous mice by injecting IL-2-neutralizing antibody for 8 days, which did not grossly affect T reg numbers (Fig. 5a ). However, there was a significant increase in both the frequency and the total number of IL-2/GFP + CD4 + polyclonal T cells in spleen and in lymph nodes under these conditions (Fig. 5b) . These findings are consistent with the idea that IL-2 could be playing a critical negative feedback role under normal conditions, informing T reg cells of incipient autoimmune responses of conventional T cells and by increasing T reg suppressive activity, constraining potentially damaging responses. To examine this possibility, we employed a cell transfer system involving pigeon cytochrome c (PCC)-specific 5C.C7 TCR transgenic T cells (5C.C7 T cells). PCC-peptide-pulsed splenic dendritic cells were transferred into wild-type mice possessing a full repertoire of T reg cells and normal endogenous levels of IL-2. Eighteen hours after dendritic cell transfer, alternately labelled polyclonal CD4
+ T cells and wild-type or IL-2-deficient 5C.C7 T cells were transferred into host animals. In this experimental system, endogenous T reg cells in the draining popliteal lymph node can sense locally generated IL-2 secreted by activated wild-type 5C.C7 T cells, but are blind to such cytokine feedback sensing with respect to the IL-2-knockout 5C.C7 T cells. Twenty-four hours after 5C.C7 T cell transfer, we could find large clusters of blasting IL-2-knockout 5C.C7 T cells binding to antigen-pulsed dendritic (bottom) mice treated as in a. c-f, Quantification of T reg density in T cell zone (c), percentage of T reg cells forming clusters (d), T reg density in pSTAT5 + clusters (e), and percentage of pSTAT5 + T reg cells (f). mLN, mesenteric lymph node; iLN, inguinal lymph node; panLN, pancreatic lymph node. Each dot indicates a section, and each type of lymph node includes six sections total from two lymph nodes from two individual mice. * *P < 0.01, * * *P < 0.001, as calculated by two-tailed Student's t-test. cells, whereas smaller 5C.C7 clusters were observed in lymph node of mice transferred with wild-type cells (Fig. 5c ). In accord with this finding, intravital two-photon microscopy revealed a significantly longer interaction time between IL-2-knockout 5C.C7 T cells and dendritic cells (Supplementary video 2 and Fig. 5d, e) as compared to wild-type 5C.C7 T cells. Taken together, and in accord with a previous report 34 , these observations all support a critical role for IL-2-mediated feedback enhancement of T reg suppressive function in controlling ongoing self-stimulation of proto-effector T cells and maintaining immune tolerance.
Discussion
Our detection of pSTAT5 + T reg cells that arise in response to IL-2 secreted by activated CD4 + T cells under steady-state conditions is inconsistent with the view that the immune system is kept in an 'off ' state by tonic action of T reg cells. Rather, T reg cells appear to operate, at least in large measure, to constrain the expansion and development of conventional T cells into damaging effectors. There is a substantial risk difference between a system in which T cells only activate to self in the absence of T reg cells and one in which the latter limit damage from already activated cells. These new findings showing the constant entry of auto-responsive cells into an activated state also account for the very rapid onset of autoimmune disease when T reg cells are removed from the system or made ineffective by eliminating IL-2 feedback control or the capacity to act locally through TCR-dependent clustering 30, 31 . We also observed pSTAT5 − T reg clusters in the lymph node, which may suggest either an absence of effector T cells in the cluster, or that activation and cytokine production by the proto-effector have already ceased. Both possibilities may exist in the steady state, as T reg cells can either suppress the ongoing activation of effector T cells interacting with the same dendritic cell, or prevent some pre-effector T cells from binding to dendritic cells by maintaining dendritic cells in a less stimulatory state 35, 36 . Continuous TCR signalling plays a critical role in T reg function in the periphery. Such signalling may act to maintain or induce the expression of genes whose products are required for effective suppression. Our data suggest that TCR signalling is probably also required for effective control of autoimmunity by promoting the co-localization of T reg cells with target T effectors on a dendritic cell platform, although such clustering may only be optimized rather than solely mediated by a TCRdependent mechanism. This process allows T reg cells to stay together long enough with effector T cells to accomplish suppression, it maximizes the effects of inhibitory mechanisms, especially for membrane molecules and soluble factors with a limited working distance, and it promotes acquisition of enhanced suppressor capacity as evidenced by the high expression of CD73 and CTLA4 by clustered T reg cells. These insights reveal the strategy used by T reg cells to maintain effective tolerance, placing past observations on molecular mechanisms in an in vivo context that highlights the role of spatial proximity in this critical immunoregulatory process.
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